Polymers are emerging as new alternative materials for optical communication devices. We developed two types of polymer-based devices for optical communications. One type is for ultra high -speed signal processing that uses nonlinear optical (NLO) polymers in such devices as electro -optic (EO) Mach-Zëhnder (MZ) modulators and EO 2 2 switches. The other is for WDM optical communications that use low-loss optical polymers in such devices as 1 2, 2 2, 4-arrayed 2 2 digital optical switches (DOSs) and 16 16 arrayed waveguide grating (AWG) routers. For these devices, we synthesized a polyetherimide-disperse red 1 (PEI-DR1) side chain NLO polymer and a low-loss optical polymer known as fluorinated polyaryleneethers (FPAE). This paper presents the details of our development of these polymeric photonic devices considering all aspects from materials to packaging.
I. INTRODUCTION
There are three approaches to high capacity optical transmission systems. The first is to decrease the channel spacing for wavelength division multiplexing (WDM) systems, the second is to increase the channel bit rate for time division multiplexing (TDM) systems, and the third is to extend the transparent spectral range in optical fiber. For WDM and TDM systems, a variety of optical devices are indispensable. Nowadays, the materials used are mostly inorganic, for example, InP, LiNbO 3 , and silica.
Polymers are emerging as materials for optical devices because of their promising potential. Polymers for optical devices can be divided into two categories : one is for high speed signal processing in TDM systems and the other is for WDM optical communications. In the past decade, many researchers have studied the Mach-Zëhnder (MZ) modulator [1] - [14] and the 2 2 electro-optic (EO) switch [15] - [18] which use nonlinear optical (NLO) polymers for high speed and wide-band signal processing. In addition, a variety of devices, such as po larization controllers [19] , second -harmonic generators [20] , optical frequency converters [21] , and photonic sensors [22] have also been investigated. In the areas of high speed and broad bandwidth, such devices have significant advantages over inorganic devices, such as LiNbO 3 , or compound semiconductor devices. Such advantages are due mainly to the polymer's low dielectric constant , low optical dispersion, and fast electronic response in the range from low frequency to optical frequency. Other investigations have used low-loss optical polymers [23] for WDM systems, such as digital optical switches (DOSs) [24] - [28] , tunable Bragg wavelength filters [29] , variable optical attenuators (VOA) [30] , and arrayed waveguide grating (AWG) multiplexer/
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Myung-Hyun Lee, Jung Jin Ju, Suntak Park, Jung Yun Do, and Seung Koo Park demultiplexers [31] - [33] . These devices have significant advantages over inorganic devices, such as silica devices, in the areas of planar lightwave circuits (PLC). Such advantages are due mainly to the ease of device fabrication and the great flexibility of the device structure. In addition, a low-loss polymer has a larger thermo-optic (TO) coefficient than silica. We used NLO polymers and low-loss optical polymers to develop two types of polymer-based devices for optical communications. We report in detail our development of these polymeric photonic devices considering every aspect from materials to packaging.
II. MATERIALS
We synthesized a polyetherimide-disperse red1 (PEI-DR1) side-chain EO polymer to use as an NLO material (Fig. 1) . The number-average molecular weight (M n ) was about 10,500 g/mol, and the M w /M n was 1.6, where M w is the weight-average molecular weight. The glass transition temperature (T g ) was about 173 o C. For our NLO devices, we used UFC150 from Uray Co. for the lower cladding material and Resole HM2 from Koron Co. for the upper cladding material. We measured the EO coefficients using a simple reflection technique [34] at optical communication wavelengths, 0.83 µm, 1.3 µm, and 1.55 µm. Figure 2 gives the measured EO coefficients (r 33 ) of the poled sample with different poling fields. For the poling, the sample was heated to 173 o C, and DC voltage was applied. Unexpectedly, the value of r 33 at 1.55 µm was bigger than the values at 0.83 µm and 1.3 µm. The refractive indices were measured using a prism coupler for transverse electric (TE) and transverse magnetic (TM) polarized light. Table 1 lists the measured refractive indices of PEI-DR1 (Core), UFC150 (lower clad), and Resole HM2 (upper clad) at 0.83 µm, 1.3 µm, and 1.55 µm wavelengths. The propagation losses of the PEI-DR1 slab waveguide were measured at 0.83 µm, 1.3 µm, and 1.55 µm with the TE-and TM-polarized light using the immersion technique [35] . For the measurement of the propagation losses, we prepared the sample with a slab waveguide on a substrate. The PEI-DR1 layer, with a thickness of 3.2 µm, was spin-coated on the UFC150 layer, which was 2 µm thick, for the lower cladding layer. The substrate for the slab waveguide had a thin Au electrode layer on a Si wafer. The results are tabulated in Table 2 . The effects of the metallic loss caused by the gold electrode increased with a lengthening wavelength. At 1.55 µm, the propagation loss was mostly caused not only by the gold electrode but also by the content of the C-H bond in the PEI-DR1. The other characteristics of our NLO materials are explained in [18] . For a low loss polymer, we synthesized fluorinated polyaryleneethers (FPAE) with thermally crosslinkable ethynyl phenol (EP) groups (FPAE-EP) at the end of the chain (Fig. 3(a) ). The M n of the FPAE-EP was about 8,940 g/mol, and the M w /M n was 1.56. We also synthesized FPAE-EP with resorcinol in the backbone (FPAE-RC-EP) (Fig. 3(b) ). The M n of the FPAE-RC-EP was 8,680 g/mol, and the M w /M n was 1.61. In designing and fabricating single-mode waveguide devices, it is important to control the refractive indices of the core and cladding materials. Figure 4 shows the dependence of the refractive indices for TE and TM mode polarization with the relative FPAE-RC-EP content in the copolymers at a 1.55 µm wavelength. The refractive index of the blended polymer increased as the FPAE-RC-EP content increased. Figure 4 reveals that the refractive index of polymers can be controlled by blending the ratio between the two polymers. The birefringence, which is the difference between n TE and n TM , was almost constant at low values of 0.003-0.004. To measure the optical propagation loss of the core polymer, we prepared a planar waveguide structure by coating the core and the cladding materials on a 2 µm-thick oxide layer on a Si substrate ( Fig. 5(b) ). We again measured the optical propagation loss using the high-index liquid immersion technique [35] . With the output power variation depending on the immersion distance as shown in Fig. 5(a) , the losses were 0.28 dB/cm and 0.26 dB/cm for the TE and TM modes at a wavelength of 1.55 µm. The other characteristics of polymeric low-loss materials are explained in [36] . III. FABRICATION
EO Devices
Our devices conventionally have a three-layer stack structure with a rib optical waveguide. The Cr/Au metallic layers were thermally evaporated and patterned as a bottom electrode on a 2 µm silica-coated Si wafer. The UFC 150 solution was spincoated and UV-cured for the lower cladding layer with a thickness of 2 µm. Onto that, the PEI-DR1 solution was spincoated and thermally-cured as the core layer with a thickness of 3.2 µm, and then the core layer was ion-etched with an etching depth of 0.5 µm for laterally confining the guided light. The Resole HM2 solution was also spin-coated and thermally-cured for the upper cladding layer with a thickness of 2 µm, and then Cr/Au was thermally evaporated for the top and the poling electrode. The Cr thin metallic layer was used as an adhesive. Electrode contacting poling was performed at 173 o C on a hot plate with a DC voltage of 1100 V (the poling field about 150 V/µm). The electrode was then patterned and electroplated. The thickness of the electroplated gold was properly controlled in the range of 3-6 µm by adjusting the electroplating time and current density. Finally, the opto-chip end faces were prepared by cleaving and polishing and then pig-tailed with V-groove arrayed optical fibers using an epoxy welding technique. K-connectors were connected for high frequency performance.
Low-Loss Devices
The low-loss device was fabricated on a 3-inch Si wafer. The cladding FPAE-EP polymer was spin-coated and cured at 250 o C for the lower cladding layer with a thickness of 11 µm. The core FPAE-RC(50)-EP polymer, for which the blending ratio of FPAE-EP and FPAE-RC-EP was 50:50, was spin-coated and cured at 250 o C for the core layer with a thickness of 6 µm. An O 2 reactive ion etching (RIE) process was used to form the proposed waveguide structure by standard photolithography. The cladding FPAE-EP polymer was spin-coated and cured at 250 o C for the upper cladding layer with a thickness of 11 µm. Finally, the thermal control electrode was evaporated and partially electroplated. The opto-chip was prepared by dicing, and the opto-chip end faces were polished and then pig-tailed with V-groove arrayed optical fibers using an epoxy welding technique. Gold-wire bonding was used for the thermal control electrodes.
IV. RESULTS OF NLO DEVICES 1. EO Modulator
Designing a polymeric MZ waveguide EO modulator for photonic applications requires a single mode operation. This can be achieved by controlling the width and thickness of the guiding layer and the etching depth in the rib waveguide structure. For single mode operation, the rib waveguide dimensions, W, T, H, as defined in 
Considering these factors, we designed the waveguide for single mode operation with dimensions of W = 4 µm, T = 2.7µm, and H = 3.2 µm. The total waveguide length of the MZ modulator from the input to the output was 22 mm, the waveguide length of the interferometer arm was 15 mm, the branching angle in the Y-branch was 1 degree, and the distance between the two arms was 25 µm. The electrode consisted of a microstrip line and tapered coplanar pads ( Fig. 7(a) ). The performance of our optically and electrically packaged device as shown in Fig. 8(a) was as follows: the half wave voltage was 11 V p-p , the extinction ratio was 23 dB (Fig. 9(a) ), and the fiber to fiber optical loss was 15 dB at λ = 1.3 µm. The bandwidth was tested up to 2.5 GHz.
EO 2 2 Switch
We fabricated the electrically and optically packaged polymeric EO 2 2 switch for high-speed optical communications [18] . The switch consisted of a MZ interferometer and modified bifurcation optically active (MBOA) waveguides [17] (Fig. 7(b) ). The design of our switch fundamentally used a single mode operation. However, the two lowest order modes are required in the straight channel regions of an MBOA waveguide structure switch. This can be achieved by controlling the width and thickness of the guiding layer and the etching depth in the rib waveguide structure. For the single mode operation, the rib waveguide dimensions, W, T, H, as defined in Fig. 6 , have to fulfill (1) and (2) . For the two mode operation, they do not have to fulfill the two equations. Considering these factors, we designed the waveguide for a single-mode operation with dimensions of W = 4 µm, T = 2.7 µm, and H = 3.2 µm and the waveguide for a two-mode operation with dimensions of W = 8 µm, T = 2.7 µm, and H = 3.2 µm. In the MZ interferometer region of the MBOA structure, a single microstrip line with a length of 15 mm was fabricated onto one arm of the MZ interferometer. We used a tapered quasi coplanar waveguide and a K-connector to couple the radio frequency (RF) input power ( Fig. 7(b) ). The performance of the optically and electrically packaged device (Fig. 8(b) ) was as follows: the crosstalk of the cross arm was -18.1 dB and that of the straight arm was -18.5 dB with an operating voltage of 8.5 V (Fig. 9(b) ). The measured optical loss was 14 dB at λ = 1.3 µm. The 6-dB attenuation in RF transmission corresponded to about 17 GHz (Fig. 9(c) ).
V. RESULTS OF LOW-LOSS DEVICES

1 2, 2 2, 4-Arrayed 2 2 Digital Optical Switches (DOSs)
We designed and fabricated 1 2, 2 2, 4-Arrayed 2 2 DOSs using fluorinated polymers. Figure 10 (a) shows a schematic view of a 2 2 DOS consisting of four 1 2 DOS elements. This waveguide structure is the same as that in [28] . The branching angle (α) of the 1 2 DOS was about 0.13° at the Y-branch regions and the cross angle (β) between the two waveguides was 27 degrees at the center point. However, the outside four electrodes at the 2 2 DOS element were connected and the inside four electrodes were also connected ( Fig. 10(a) ). The connected regions at the electrodes were electroplated so that they would not become a heating element. If voltage is applied to the inside electrode, the temperature in the inside of the connected Y-branches will increase to lower the refractive indices but the refractive indices in the outside of the connected Y-branches will increase correspondingly. Therefore, the lights input to the light input portions in1 and in2 go out to the light output portions out1 and out2, respectively. If voltage is applied to the outside electrode, the temperature in the outside of the connected Y-branches will increase to lower the refractive indices but the refractive indices in the inside of the connected Y-branches will increase correspondingly. Therefore, as the lights input to the light input portions in1 and in2 cross, they go out to the light output portions out2 and out1, respectively. Figures 11(a) and (b) show photographs of the optically and electrically packaged 1 2 and 2 2 DOSs, respectively. Figures 12(a) and (b) show the transmission characteristics of the 1 2 and 2 2 DOSs. The performance of the 1 2 DOS (Fig. 11(a) ) was as follows: the operating wavelength range was 1520-1560 nm, the total insertion loss was less than 2.5 dB, the crosstalk less than 25 dB, the polarization dependent loss (PDL) less than 0.2 dB, the switching time less than 3 ms, the operation electrical power less than 100 mW, and the operation voltage was about 3-5 V. The performance of the 2 2 DOS (Fig. 11(b) ) was as follows: the operating wavelength range was 1520-1560 nm, the total insertion loss was less than 3.5 dB, the crosstalk less than 30 dB, the PDL less than 0.3 dB, the switching time less than 3 ms, the operation electrical power less than 300 mW, and the operation voltage was about 6-10 V. Figure10(b) shows a schematic view of the 4-arrayed 2 2 DOS. The separation width at 8 input/output waveguides was 250 µm for pig-tailing once, and the bending radius (R) at the outside 2 2 DOS elements was 10 mm. The chip size of the 4-arrayed 2 2 DOS was 45 12 mm 2 . The rib waveguides at the Y-branch regions were designed to increase coupling efficiency, that is to say, to increase the interaction of the separated modes laterally. Also, the rib waveguides at the input/output ports were designed to decrease coupling loss with optical fibers to create a large mode size. The channel waveguides at the bending regions were designed to decrease the total thickness for lowering the electrical power. We could also reduce the total length by using the high index difference channel waveguides with large bending radius. The rib waveguide and the channel waveguide were connected by a vertically tapered waveguide (Fig. 13) . Figure 11(c) shows photographs of the optically and electrically packaged 4-arrayed 2 2 DOS. Figure 12(c) shows the transmission characteristics of the 4-arrayed 2 2 DOS elements. The performance of the 4-arrayed 2 2 DOS (Fig. 12(c) ) was as follows: the crosstalk was less than -30 dB for all the 4-arrayed 2 2 DOS elements when a total electrical power of 250 mW was applied to the thin metal heaters. The deviation of the crosstalks was ± 2 dB at 250 mW.
The PDL was 0.5 dB, 0.2 dB, 0.5 dB, and 0.7 dB for the first, second, third, and fourth 2 2 DOS elements, respectively. The falling and rising times were less than 5 msec. The total insertion losses ranged from 3.5 to 4.0 dB.
AWG Router
We designed a polymeric 16×16 AWG router with a 0.8 nm (100 GHz) channel spacing operating at 1550 nm. The AWG router is shown schematically in Fig. 14 . It consisted of dispersive arrayed waveguides connected to 16 input waveguides and 16 output waveguides through two concave slab waveguides designed in a Rowland circle configuration. Input and output waveguides were fanned out to a pitch of 250 µm for pig-tailing to a fiber ribbon. To minimize the coupling loss with optical fiber and to obtain a lateral single mode condition, we made the channel waveguide of the AWG router as a rib type at the input and output ports. The rib waveguide was connected to the buried type channel waveguide adiabatically by a vertical tapering (Fig. 13) . The core size and refractive index difference of (∆) the channel waveguide were 6 × 6 µm 2 and 1%, respectively. With this core size, the channel waveguide was weakly double mode guiding. We chose the large core size because the propagation loss due to the sidewall roughness of the waveguide increased as the refractive index difference became larger [38] . This might also possibly increase the phase error in the arrayed waveguides. The bending radius in the array varied from 4 to 7.5 mm and the minimum waveguide separation was 20 µm. We included the curved test waveguides to evaluate the origins of the chip losses. The occupied area of the phase array was 15 × 11 mm 2 and the device size was 27 × 22 mm 2 . Table 3 lists the detailed design parameters. Figure 15 measured transmission spectra of the 16 output channels around the 1550 nm wavelength, as measured with TE polarized light injected into the 8th input port. The output power uniformity over the 16 channels was about 3.2 dB. However, we could improve the power uniformity by controlling the polarization and temperature whenever we measured the device. The fiber to fiber insertion loss of the center channel was 4.8 dB. The 1 and 3 dB passband widths of the transmission spectrum were 0.13 and 0.22 nm, respectively. The channel crosstalks were less than -26 and -27 dB for TE mode and TM mode, respectively (Fig. 16) . Figure 16 shows the transmission spectra for the TE and TM modes. The polarization dependent peak shift was 3.25 nm. The peak wavelength shift between the TE and TM modes was due to the material birefringence induced by the difference of the refractive index between the TE and TM modes. Figure 17(a) shows the free spectral range (FSR) of the AWG router. The wavelength difference from the transmission peak of order m-1 and that of order m was 12.85 nm, which is nearly 16 times the channel spacing, 0.8 nm. To test the cyclic rotation properties of the output channels, we measured the pass wavelengths when the light was launched into either channel 7 or 8 ( Fig.  17(b) ). The output wavelengths with the 7th input channel shifted nearly by 0.8 nm and appeared at the adjacent channels when the input channel changed to the 8th. The wavelength of the 1st channel with the 7th input waveguide showed at the 16th channel with the 8th input waveguide. During the channel shift, the error of the peak wavelength was smaller than 0.03 nm for all 16 channels. Figure 17(b) shows the slopes at 0.796 nm/channel and 0.795 nm/channel for the 7th and 8th input ports, respectively, which were almost the same as the designed spacing of 0.8 nm/channel.
VI. CONCLUSION
In this study, we synthesized PEI-DR1 side chain NLO polymers for ultra high-speed signal processors and FPAE lowloss optical polymers for WDM optical communications. We fabricated EO MZ modulators and EO 2 2 switches using PEI-DR1 polymers. With the developed the EO polymer, we produced the high speed and broad bandwidth devices easily and cost-effectively by using the polymer's unique properties of a low dielectric constant and low dielectric dispersion. We also fabricated 1 2, 2 2, 4-arrayed 2 2 DOSs, and 16 16 AWG routers using FPAE low-loss optical polymers. With the developed low-loss optical polymers, we produced the waveguide devices of high performance easily and costeffectively by using the low-loss polymer's properties of good processibility, easy controllability of the refractive index, and the large TO coefficient.
